Demonstration of enzyme activities required for cap structure formation in infectious bursal disease virus, a member of the birnavirus group U. Spies and H. Miiller* lnstitut j~r Virologie, Frankfurter Strasse 107, F.R.G. The putative viral transcriptase p90 in infectious bursal disease virus (IBDV) was shown to form an enzymeguanylate intermediate which is indicative of guanylyltransferase activity. The p90-nucleotide bond is most likely to be a phosphodiester linkage, as it resisted treatment with HCI and NH2OH but was sensitive to NaOH. This is in contrast to phosphoamide bonds formed by reovirus cores. Methyltransferase activity was also demonstrated in IBDV, and is closely associated with transcription, suggesting that p90 may be a multifunctional enzyme.
Infectious bursal disease virus (IBDV) is a member of the birnavirus family (Dobos et al., 1979; Brown, 1986) . The virion is non-enveloped, of icosahedral symmetry, with a diameter of about 60 nm, and contains two segments of dsRNA (Miiller et al., 1979) , which in IBDV strain Cu-1 (Nick et al., 1976; Becht, 1980) are about 3300 bp (segment A) and 2800 bp long (segment B), respectively (Miiller & Nitschke, 1987a) . In mature virus particles, four structural polypeptides form a single-shelled capsid. One other polypeptide, with an Mr Of about 90K (p90; Miiller & Becht, 1982) is firmly linked to the ends of both dsRNA segments which are circularized to form individual rings (Mfiller & Nitschke, 1987b) . Because of this specific interaction, RNA-dependent RNA polymerase activity associated with IBDV particles (Spies et al., 1987) has been assigned tentatively to IBDV p90. This RNA polymerase transcribes RNA molecules which encode all the viral polypeptides in rabbit reticulocyte lysate in vitro translation systems (Spies et al., 1987) , indicating the presence of enzymes required for the modification of nascent RNA transcripts to functionally active mRNA molecules. Transcripts made in eukaryotic cells by RNA polymerase II are capped specifically and uniformly at the 5' end (Shatkin, 1976) . With a few exceptions, viral mRNAs produced in infected cells by either cellular or virus-specific polymerases also contain Y-terminal mTGpppN(m) (cap), and in several RNA and DNA viruses the viral RNA polymerase and enzymes for capping nascent pre-mRNAs are packaged in virions (Banerjee, 1980) . It is now generally accepted that cap structure formation occurs at an early stage of transcription by a series of enzymic reactions. Until now, mRNA-modifying activities other than the RNA polymerase (Spies et al., 1987) have not been found to be associated with birnavirus particles.
To demonstrate the presence of guanylyltransferase activity associated with IBDV, virus strain Cu-1 was grown in chicken embryo cell cultures and purified by density gradient centrifugation. IBDV particles (5, 15 or 30 ~tg), with the lowest ratio of particle number to p.f.u. (Mfiller et al., 1986) , were preincubated at 37 °C for 5 min in a 45 ~tl volume of l0 mM-Tris-HC1 pH 8-0, before the addition of 30 ~tCi of [~-32p]GTP (specific activity 3000 Ci/mmol; Amersham) and 5 mM-MgC12 to a final volume of 50 ~tl. After incubation at 42 °C for 10 rain, the reaction was stopped by the addition of 5 mM-EDTA. The mixture was adjusted to final concentrations of 2~o SDS, 5~o 2-mercaptoethanol, 90 mM-Tris-HC1 buffer (pH 6.7), and 10~ glycerol, heated to 95 °C for 5 rain, and was then analysed by electrophoresis in a 15 ~o SDSpolyacrylamide gel as previously described (Miiller & Becht, 1982) . The gel was fixed in acetic acid :methanol: water (7 : 5 : 88), stained with Coomassie blue R250, and photographed. Thereafter, the gel was dried and an autoradiograph was obtained by exposure of Fuji RX X-ray film for 2 to 3 h.
Autoradiography revealed that incubation of IBDV particles with [a-a2p]GTP resulted in the incorporation of radioactivity in a single polypeptide band (Fig. 1 b) . By comparison with radioactive protein markers, the Mr of the polypeptide was estimated to be 90K. Comparison of the autoradiograph with a photograph of the stained gel clearly showed that the radiolabelled band comigrated to the position of the IBDV structural polypeptide p90 (Fig.  1 a) . These experiments indicated that the incorporation ofa2p from [0c-32p]GTP into the protein of Mr 90 000 was catalysed by an IBDV structural polypeptide.
To characterize the enzyme-guanylate linkage, the 32p-labelled 90K protein was localized, without prior fixing in acetic acid, by autoradiography, and was eluted 0000-9208 © 1990 from the gel by electroelution in dialysis bags (Maniatis et al., 1982) . The eluate was concentrated by centrifugation in Centricon 10 Miniconcentrators (Amicon). Aliquots of this preparation were incubated in H20 for 20 min at 37 °C, or for 10 min at 70 °C in 500 mM-NaOH or in the same concentration of HC1, or for 20 min at 37 °C in 3-8 M-hydroxylamine in 200 mM-sodium acetate buffer pH 4-8 (Shatkin et al., 1983) . The treated material was analysed by thin-layer chromatography on polyethylenimine cellulose plates (PEI-Cellulose F; Merck) developed with 750 mM-KH2PO4. The chromatograms were autoradiographed and the positions of marker nucleotides were located by u.v. illumination. Autoradiographs revealed that the polypeptide-nucleotide bond resisted treatment with HC1, as well as with NH2OH; however, the linkage was completely sensitive to treatment with NaOH, and radioactivity migrated into the same position as the marker GMP (Fig. 2) . These data tend to rule out a phosphoamide bond, but strongly support a phosphodiester linkage between the GMP and a serine or threonine residue (Shabarova, 1970) .
To volume of a transcription reaction mixture described previously (Spies et al., 1987) , omitting the four nonradioactive nucleoside triphosphates. After incubation at 40 °C for 10 min, the mixture was divided into two aliquots, and to one of these, nucleoside triphosphates were added. At various times of incubation, 20 ~tl samples were removed from the aliquots, and analysed by SDS-PAGE. Autoradiography revealed that a p90-GMP intermediate as described above had formed, which increased with time of incubation when unlabelled nucleoside triphosphates were not present (Fig.  3a) . Addition of nucleoside triphosphates induced transcription of RNA, as indicated by the accumulation of radioactivity at the start of the 15% polyacrylamide gel. In that case, however, the IBDV p90-GMP complex disappeared (Fig. 3b) .
The enzyme methyltransferase catalyses the transfer of a methyl residue from S-adenosyl-L-methionine (AdoMet) to the terminal guanosine base in the 5'-terminal cap structure. To demonstrate the presence of methyltransferase activity associated with IBDV particles, IBDV mRNA was synthesized in the presence of 
AdoMet as the methyl group donor. Forty gCi of S-[Me-
3H]AdoMet (2.9 Tbq/mmol; 78.9 Ci/mmol; NEN) were dried down using a Speed-Vac concentrator, and 50 ~tg of purified IBDV particles was added in a 200 gl volume of a transcription reaction mixture which included the four nucleoside triphosphates, a divalent cation, and an RNase inhibitor as described previously (Spies et al., 1987) . As a negative control, IBDV particles were replaced by bovine serum albumin (BSA). The incorporation of Me-3H groups from AdoMet into nascent RNA molecules was determined by removing 20 gl aliquots at various times of incubation at 40 °C; herring sperm DNA was added as a carrier, and nucleic acids were precipitated with 10 ~ ice-cold TCA containing 100 raMsodium pyrophosphate. Precipitates were collected and washed four times with 5 ~o TCA by filtration through Whatman GF/C filters. Each filter was dried, treated with 0.5~ Soluene 350 tissue solubilizer for 30 min at 50 °C, in order to solubilize the radioactivity from the filter, and subsequently counted in a toluene-based scintillation fluid, using a liquid scintillation counter. A second set of 20 gl aliquots was treated with proteinase K in the presence of SDS, and was then analysed by PAGE as described (Spies et aL, 1987) . Evidence for active methyltransferase in IBDV particles was obtained by the incorporation of Me-3H groups from AdoMet into TCA-precipitable material synthesized in in vitro transcription reactions (Fig. 4) . A linear increase in radioactivity was found over a time range of at least 3 h. In samples containing BSA instead of virus particles, the amount of TCA-precipitable radioactivity was always lower than in IBDV-containing samples at the start of the reaction (Fig. 4a) . Radioactivity in IBDV-containing samples analysed in polyacrylamide gels formed faint, but clearly discernible bands after prolonged exposure (Fig. 4b) .
These results enabled us to assign guanylyltransferase activity to IBDV polypeptide p90 by direct biochemical means, demonstrating a covalent enzyme-guanylate intermediate. It can be speculated that the nature of the p90-nucleotide bond examined could be a phosphodiester linkage, thus being different from the phosphoamide linkage of GMP to guanylyltransferase found in reovirus cores (Shatkin et al., 1983) . Another enzyme activity associated with the production and processing of mRNA, methyltransferase activity, has also been demonstrated in IBDV particles.
Guanylyl-and methyltransferases are key enzymes in cap formation. The existence and function of the 7-methylguanosine (mVG) cap has been demonstrated by Furuichi et al. (1975) . It enhances maturation of mRNAs, including splicing and 3' end processing, as well as their stability and translatability (Shatkin, 1985) . Transcripts which are capped but not methylated are stable, but nonetheless untranslatable Horikami et al., 1984) . That the mVG cap is nearly indispensable may be inferred from the fact that animal viruses that replicate in the cytoplasm routinely encode their own capping and methylating enzymes (Kozak, 1986) . This is true not only for poxviruses (Moss et al., 1976) , but also for reoviruses , vesicular stomatitis virus (Abraham et al., 1975) , and alphaviruses (Cross, 1983) .
Among dsRNA viruses, the mechanism of formation of reovirus mRNA Y-terminal cap structures, by reovirus cores, has been studied in detail (Faust et al., 1975; Furuichi et al., 1975; . In the first reaction, a phosphohydrolase removes the 3,-phosphoryl group from the triphosphate-termin- ated nascent R N A chain. In the second step, guanyltransferase catalyses the transfer of a G M P residue from G T P to the 5'-diphosphoryl-terminated RNA. In vaccinia virus, it has been shown that this transguanylylation catalysed by the vaccinia virus capping enzyme involves the formation of a covalent enzyme-guanylate intermediate (Shuman & Hurwitz, 1981) . Formation of such intermediates has been identified in guanylyltransferases isolated from a number of organisms, including, among others, HeLa cells (Venkatesan & Moss, 1982; Shuman, 1982; Wang et al., 1982) , rat liver (Muzimoto et al., 1982; Toyama et al., 1983) , Artemia salina, wheatgerm and yeast (Toyama et al., 1983) . Apparently a similar mechanism also mediates the guanylyltransferase reaction of reovirus (Shatkin et al., 1983; Zarbl & Millward, 1983) and, as shown here, the birnavirus IBDV. IBDV transcripts produced in vitro are functionally active (Spies et al., 1987) , and from our experiments presented here it is evident that IBDV structural polypeptides mediate guanylyl-and methyltransferase activity to modify m R N A post-transcriptionally. Formation of an IBDV p90-guanylate complex is consistent with the idea that this polypeptide acts as guanylyltransferase. It remains unclear which viral polypeptide is required for the methylation of viral m R N A s . However the results of our experiments indicate a close relationship between transcription and methylation, suggesting that IBDV p90 might have the properties of a multifunctional enzyme. Consensus sequence elements in GTP-binding domains have been determined recently (Dever et al., 1987) , and the complete nucleotide sequence of the reovirus L2 gene encoding viral m R N A guanylyltransferase is available (Seliger et al., 1987) . Furthermore, a possible binding site for AdoMet has been proposed (Mi et al., 1989) . Sequencing of the IBDV strain Cu-1 genome segment B, encoding p90 (H. Miiller, unpublished results) is now in progress, and consensus sequence elements corresponding to the domains described by Dever et al. (1987) have been found. Precise localization of these potential GTP-binding domains awaits the final establishment of the nucleotide sequence of this genome segment. Comparison of sequence data obtained will help to substantiate our hypothesis linking at least three different enzyme activities, RNA-dependent R N A polymerase, and guanylyl-and methyltransferase, to this genome-linked protein.
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